Ten phenolic acids, contained in the seeds of black cumin (Nigella sativa L.), flax (Linum usitatissimum L.)
INTRODUCTION
Cold pressed oils from seeds of black cumin (Nigella sativa L.), flax (Linum usitatissimum L.), pomegranate (Punica granatum L.) and pumpkin (Cucurbita pepo L.) are known for their therapeutic properties. Black cumin oil is usually used externally for treating psoriasis eczema or internally in treating asthma, allergies, diabetes, and digestion problems (1) . A mixture of cumin oil with beeswax can be used for burns, skin infections, moisturizers, joint pain reliever, or as anti-wrinkle agent. Flax oil is known for high omega-3 fatty acids content, exerting an anti-inflammatory response (2) . Punicic acid which is present in high concentration in pomegranate oil is rarely found in other plant oils. It has anti-inflammatory and anti-tumoural activity (in hormone dependent tumours such as breast tumour). Pomegranate oil is also used in luxury cosmetics (3) . Pumpkin seed oil showed beneficial effects in the therapy of small disorders of the prostate gland and the urinary bladder (4) .
In attempt to define new renewable resources, there has been a growing interest in studying phenolic acids in various crops, including oilseeds and their oil industry byproducts (5-7). Phenolic acids have been reported to possess antioxidant, antimicrobial, antiproliferative and preservative properties (8, 9) . Due to these bioactivities, they might have an important role as health-promoting substances, as well as in food deterioration prevention, applicable in food and pharmaceuticals. Hence, the focus on their characterization and utilization, especially from industrial wastes is of great interest. Skins and hulls of seeds represent valuable sources of these components, containing much higher concentration of phenolics than inner seed layers (10) . Oilseeds meals/cakes are rich in proteins and phytochemicals, such as phenolic compounds, whose valorisation is of global economic and environmental interest (11) (12) (13) (14) . Additionally, after de-oiling process the meals/cakes contain more phenolic acids and in more easily extractable form than the corresponding seed (12) .
Due to diversity of chemical structure and forms of phenolic acids in oilseeds or derived materials, the identification and quantification, performed usually by reverse phase high pressure liquid chromatography (RP-HPLC) with UV or PDA detectors, result in complex data sets. The interpreting and comprehensive comparison of different samples can be achieved by some of chemometric approaches, such as Principal Component Analysis (PCA). PCA is a dimensional reduction technique, which allows clustering different samples based on their shared features. It is commonly used to identify how one sample is different from another, which variables (i.e. features) contribute most to this difference, and whether variables are correlated or independent from each other. PCA has been applied for classification of vegetables, fruits, grains or nuts based on their genotype, varieties, bioactivity, volatile or antioxidant compounds (15) (16) (17) (18) , as well as for characterization, determination of geographic origin and quality control of food and beverages (19, 20) .
Therefore, the focus of this study is a profiling of phenolic acids in 12 plant materials, including black cumin seed and meal, flaxseed and meal, pomegranate seed, meal and hull, hull-less pumpkin seed, skin and meal, and kernels and hull from hulled pumpkin seed. Free, esterified, and insoluble-bound forms of ten phenolic acids were quantitatively analysed by RP-HPLC with PDA detector and the chromatographic data were analysed by PCA.
EXPERIMENTAL

Plant samples
Black cumin (Nigella sativa L.) seed and meal; flax (Linum usitatissimum L.) seed and meal; and pomegranate (Punica granatum L.) seed, meal and hull were obtained from a 1ocal oil producer Suncokret (Hajdukovo, Serbia). Hull-less pumpkin seed (Cucurbita pepo L. cv. Olinka), oil cake and skin samples were obtained from Pan Union (Novi Sad, Serbia). Hulled seeds were purchased in a local store and prior to analysis dehulled by hand. All samples were stored at 4ºC, for the same length of time, until their analysis. All samples were ground in a coffee grinder for 3 min immediately before preparation, except for skin, which was ground in a mortar.
Phenolic compounds extraction and HPLC determination
Chemicals used and complete procedure for isolation of phenolic acids from the plant seeds, meals, hulls and skins are described in detail in previous papers (11, 12) . Briefly, one gram of ground defatted meal was extracted three times with 70% methanol in ultrasound bath at room temperature. After centrifugation, the supernatants were analysed for free phenolic acids and soluble phenolic acid esters, and the residue was kept for the determination of insoluble-bound phenolic acids. The phenolic acids were separated from phenolic acid esters by diethyl ether -ethyl acetate (DE/EA) extraction. The phenolic acid esters and solid residue (insoluble-bound phenolic acids) were separately hydrolyzed with 4 N NaOH containing 1% w/v ascorbic acid, antioxidant, and 10 mM EDTA (added to prevent degradation of phenolic acids during alkaline hydrolysis), under nitrogen, in the dark and at room temperature. During the preparation, hexane clean-up was performed in order to get extracts free from residual oils, and hexane extracts were discarded. After hexane extraction the remaining water phases were extracted with DE/EA. The dried DE/EA extracts were redisolved in the initial HPLC mobile phase.
The prepared samples were analysed on a Thermo Finnigan Surveyor HPLC equipped with Surveyor quaternary pump, built-in vacuum degasser, Surveyor autosampling injector, column thermoregulator and Surveyor PDA detector. Separations were achieved using a C18 Hypurity Aquastar column (5.0 μm particle size, 250x4.6 mm i.d.) with a C18 Hypurity Aquastar guard column (5.0 μm particle size 10x4.6 mm i.d.); both Thermo Electron Corporation. HPLC analysis; identification and quantification of phenolic acids were carried out according to the previously described method (12) . In short, gradient elution was carried out using the mobile phase A, water-acetic acid (98:2, v/v) and mobile phase B, methanol-acetonitrile (1:1, v/v). Detection of polyphenols by PDA was performed at 280 nm + spectral analysis (scanning from 220-360 nm). Identification of phenolic compounds was carried out by comparing retention times and spectral data with those of the standards. Quantification was done by external standard method, in triplicate.
Data treatment -pattern recognition
Plant samples were arranged as objects, while the contents of phenolic acids (mean value of triplicates) were taken as variables. The total 30 variables included free (1), esterified (2) and insoluble-bounded (3): p-hydroxy-benzaldehyde (HA1, HA2, HA3), caffeic (C1, C2, C3), p-coumaric (pC1, pC2, pC3), ferulic (F1, F2,F3) , trans-synapic (S1, S2, S3), protocatehuic (P1, P2, P3), p-hydroxybenzoic (HB1, HB2, HB3), vanillic (V1,
Original scientific paper 22 V2, V3), syringic (Sy1, Sy2, Sy3), and gallic (G1, G2, G3) acids. For pattern recognition and classification of the plant materials, PCA was used. Due to the scale differences among the variables, the correlation matrix was used to obtain the principal components (PCs). The use of correlation matrix automatically means that the data are standardized (autoscaling). The correlation matrix was formed from the original input matrix, wherein from each the variable the correspondent column average is subtracted and then, divided by the column standard deviations (autoscaling). The PCs are determined by NIPALS algorithm, while the significant PCs were assessed by Screen test (22, 24) . All the chemometric analyses were performed using software Statistica 10, Statsoft.
RESULTS AND DISCUSSION
Principal Component Analysis
PCA was applied for the characterization of the phenolic acids with the aim to classify the plant materials by their similarity. According to the Screen test, four PCs were found to be significant for modelling the variables (Table 1) . As PCs with small eigenvalues explain the error of measurement (21), for the description of variation in the input matrix the first three PCs could be selected as sufficient (22) , explaining >64 % total variance of the original data.
In the plane of PC loadings vectors the length of vectors determines the significance of the individual variables in the PC model, while the cosine of the angle between the variables vectors gives the correlation between the variables. Figure 1(A) shows significantly correlated variables in the same direction, revealing two major groups. The first group comprises all forms of ferulic acid (F3, F2, F1 ), pC2, C1 and C2. To the second group belong all forms of gallic acid (G3, G2, G1), Sy2, HA2, and V1. In the analysis of the phenolic variables the total free, esterified, insoluble-bonded, bonded and total content of phenolic acids (FT, ET, IT, BT, TT), which are linear combinations of the individual variables, were treated as supplementary variables and additionally projected in the plane of PCs. Since all total variables are highly correlated to the second group, they are mainly determined by the phenolic acids from this group. The variables from the first and second group carry two different characteristics of the analysed objects. It is worth to note that the first group contains only hydroxycinnamic acids, while the second compri-ses hydroxybenzoic acids, and this similarity between the variables could be understood based on their chemical structure. In the further studies, there was no need to evaluate all of the phenolic variables to achieve the same characterisation of the analysed plant materials; it was enough to determine one variable per group. In the PC1-PC3 loading plane (Figure 1(B) ) the correlation among the phenolic variables are very similar to the PC1-PC2 plane. However, there is an increase of the angles between the vectors of the phenolic variables corresponding to the previously formed groups due to lower eigenvalue of the PC3; therefore there is a higher probability that PC3 explains the error of measurement compared to PC1 and PC2. In the score plane of the PC1-PC2 ( Figure 2 ) the objects are divided into four main groups -the clusters correspondent to the plant origin (the groups are formed comparing the total residual variance of groups and appended objects). The first group is consisted of the black cumin samples, the second group of pumpkin samples, etc. The pomegranate hull (object 5) does not belong to any of the groups, and it is an outlier, conformed also by Hotelling T 2 test for the model with three PCs. The classification of the analysed samples in the score plane of PC1-PC3 was confirmed in the same way as in the plane PC1-PC2 (not shown). According to the RP-HPLC analysis and score plots (Figure 2) , the black cumin samples had higher contents of S2, S3, HB3, HB1 compared to other groups, while Sy3 was the highest in these samples, more than 93 mg/kg. Comparing the meal and seed, higher contents of G3, G2, G1, Sy1, HA2, V1 and pC3 was observed, especially of G2, Sy1 and V1, which were about three times higher in the meal. Only the content of Sy2 was almost equal. The second group consists of the pumpkin samples, and its general characteristic was the absence of gallic acid. According to Figure 2 , the most similar are the pumpkin seed meal and kernels (objects 9 and 10). The skin and hull of pumpkin seed (objects 11 and 12) had the highest content of total phenolic acids. These samples had the highest content of free HB1, similar content of HA2 and V1; while pC3 was detected in the skin and Sy2 in the hull. The flaxseed samples comprise the third group. In this group, syringic acid was not detected, while the G3, V1, pC3 were lower in meal than in seed, which is verified by the position of objects 3 and 4. Also, no trans-sinapic acid was detected. The fourth group included the pomegranate meal and seed. In these samples p-coumaric and trans-sinapic acids were not detected, but very high content of G1, G2 and G3 was observed, which was higher in the meal. The pomegranate hull, defined as outlier, had an extremely high content of gallic acid (G1, G2 and G3). Pomegranate hull was so rich in hydrolyzable tannins, so that this by-product can be proposed as a potential and cheap commercial source of ellagic acid (23) . Gallic acid, as one of the hydrolysis products of hydrolyzable tannins, which can possibly explain its unusually high content and statistical deviation of pomegranate hull from other samples.
Since the examined objects form also the same clusters in the PC1-PC2-PC3 space (Figure 3 ) as in the score planes, the first two PCs were sufficient for pattern recognition of these products. In addition, the significance of the variables -power of discrimination, could be evaluated from the biplot graph. Figure 4 shows that both PC1 and PC2 are important for the cluster formation (since the object scores are scattered on each side of the PC axis) and that the variables with high loadings and more parallel loadings axis to the axis of PC are important. 
